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I. IIWRODUCTION 

On 1 March 1965 The Marquardt Corporation w a s  awarded contract 
NAS 9-4069 by the NASA Manned Spacecraft Center i n  Houston, Texas. 
contract w a s  f o r  a s i x  month development program t o  design, fabricate, 
develop and del iver  t o  NASA, three two (2)  way, latching, D.C. solenoid con- 
t r o l  valves sui table  f o r  use i n  hypergolic propellant systems. The intended 
application of the  valves is t o  isolate reaction control engine clusters 
from main propellant supply systems i n  space vehicles. 

This 

The intent of the programwas t o  design and develop a valve design 
incorporating the Marquardt bistable actuator, which i s  ideally capable 
of  meeting the performance and environmental conditions typical  of the 
Apollo Spacecraft reaction control s y s t e m .  
t o  achieve the  required performance characteristics with the minimum possible 
u n i t  weight. 
December 1965. 

The primary design objective w a s  

The work i n  support of t h i s  objective w a s  completed on 28 

This report describes the e f for t  i n  support of the subject contract. 
It describes the analytical, design and development tes t  a c t i v i t i e s  and 
presents performance data f o r  the developed configuration. 
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Cri te r ia  

Internal  helium leakage 
a t  360 psig 

AP a t  equivalent flow 
r a t e  of 0.88 pps N204 

Insulation resistance 

Unit weight 
L 

Maryuafdf IXIRfVM4TIOiV V A N  NUIS. C A L I P O I N I A  Report S-479 

Demonstrated Specification 
Requirement 

20 scc/hr max 0 

2.0 p s i  max 2.55 t o  2.90 

500 megohms min > 500 megohms 

1.5 US 1.565 lbs  

I1 . SUMMARY 

During the period from 1March t o  28 December 1965 The Marquardt Corpora- 
t ion  performed the tasks required under Contract NAS 9-4069. The objective of 
t h i s  program was t o  design and develop a two way, latching D.C. solenoid valve 
f o r  use i n  propellant systems. A photograph of t h i s  valve is shown i n  Figure 1. 
The contract a lso provided f o r  the  fabrication of three units,  of the developed 
design, f o r  d e l i v e r y t o  NASA. 

as a r e su l t  of prototype tes t ing.  
s t ruct ion t o  assure minimum external leakage and a f u l l y  hermetic s e a l  a t  the  
e l ec t r i ca l  p i g t a i l  interface. 

fo r  delivery were tested f o r  compliance with the performance requirements of the 
design specification (Appendix A ) .  

The three uni ts  fabricated f o r  delivery incorporate the features evolved 
These units also incorporate a l l  welded con- 

Though not required by the scope of t h i s  contract, the uni t s  fabricated 

A summary of demonstrated performance follows. 
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111. DISCUSSION 

A. Design Analysis 

The following analyses develop design c r i t e r i a  f o r  a valve meeting the 
requirements of the specification presented i n  Appendix A. 

1. Force Analysis 

To achieve the required flow and pressure drop characterist ic,  
with minimum unit weight, a f u l l y  balanced poppet design was selected. From 
prior  valve experience, an equivalent or i f ice  coefficient of 0.65 is  used t o  
conservatively estimate stroke requirements. 

Re auirement s 

W = Flow r a t e  = 0.88 lb/sec N204 
0 

AP a tW = 2.0 ps i  
0 

For l iquid flow through or i f ices  

= 29.81 Cd d2 JG, 

Where 

Q = Flow r a t e  in  gpm 

= Orifice coefficient = 0.65 f o r  assumed sharp edge or i f ice  cd 

d = Diameter i n  inches of equivalent or i f ice  

ap = Pressure drop i n  p s i  

sp. gr. = Specific gravity of f luid 

sp. gr. N ~ O ~  = 1.49 



1 gal  W = 0.88 lb/sec x 60 sec/min x = 4.43 gpm 
0 

I 

4.43 = 29.81 x 0.65 d2 J ' O 0  1.49 

TI 2 Flow area = d2 = r; x 0.1975 = 0.155 in. 

Disregarding the sea t  angle affect ,  and assuming the minimum f l o w  area occurs 
a t  the seating diameter, 

Flow area = TT dl x S 

Where 

dl = Valve seat  diameter  i n  inches 

S = Effective valve poppet stroke i n  inches 

Therefore, f o r  design analysis 

TT dl S = 0.155 

. 
The selection of a valve sea t  diameter sha l l  be limited t o  

those diameters fo r  which metal bellows are readi ly  available. From these 
values the  following tab le  i s  developed. 
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TABLE I 

VALVE SEAT DIAMETEX VS. STROKE 

0.562 0.088 
1 0.687 0.072 1 0.812 0.061 
1 0.937 0 053 

1.062 0 .Ob7 

A second parameter influencing se l ec t im  of sea t  diameter, 
is the required poppet force t o  achieve the specified leakage requirement 
(20 scc/hr of helium a t  360 psig).  
(Teflon) configurations, th i s  sea l  can be accomplished with a sea t  loading 
of four pounds per l inear  inch of seat circumference. The values of Table 
I1 are therefore derived from F = 4 TI dl. 

From prior  experience w i t h  soft sea t  

TABm I1 

VALVE SEAT DIAMEXER VS. RE-D SEAT LOAD 

1 dl F-E i 
(inches) ( lbs )  f 

I f 0.562 7-05 i , I 0.687 8.65 ! 

! 
, 0.937 11.80 

1.062 13 25 

1 1 0.812 10.20 ' 

* F = Seat load required 

The character is t ics  of Tables I and I1 are plotted i n  Figure 
The balance of the design 2 and a sea t  diameter of 0.812 inch was selected. 

analysis w i l l  allow f o r  increased poppet stroke t o  assure meeting the pres- 
sure drop requirement. 

5 



Valve Closed Force Requirements 

In  addition t o  the load requirements t o  achieve the sea l  a t  
the poppet seat  interface, the closing force must a l so  be selected t o  assure 
sealing under vibration, acceleration and shock environments, and any unbal- 
ance of the poppet and bellows. 
20 g i s  selected and an effective poppet mass of 0.20 lb i s  estimated. 

For environmental loads, a worst case of 

F = 20 x 0.2 = 4.0 lbs 
g 

From character is t ic  curves of metal bellows the  variation i n  effective area 
over the pressure range is  typ ica l ly  within + 19 of the  nominal effective 
area. For worst case 

FT = 10.20 + 4.0 + f (0.812):! x 360 x (0.01) 
C 

= Total closed force required 
C 

FT 

= 14.20 + 1.87 = 16.07 lb .  

Valve Oneninn Force Reauirements 

Since the bistable concept negates the la tch  force effects  
during actuation, the actuator must only provide suf f ic ien t  Pul l  force, a t  
the specified valve stroke, t o  open the valve against worst case poppet force 
conditions. Contributing factors  are: g load due t o  vibration, acceleration 
and shock, unbalance due t o  area different ia ls ,  and any preload i n  the bellows. 
For the purpose of i n i t i a l  design, the actuator i s  assumed t o  be a bistable 
actuator with Latching forces of 15 pounds i n  both open and closed positions. 

TI  = 20 g (0.2 lb) + r; (0.812)~ x 360 (0.01) + 1.5 lbs opening F 

= 4.0 + 1.87 + 1.5 = 7.37 1bs minimum 

6 



Valve Opened Force Requirements 

A s  the  valve opens the spring r a t e  of t h e  metal bellows creates 
additional force requirements. Since t h e  opened la tch  force has been selected 
as 15 pounds and the valve stroke as  0.065 inch, t h e  maximum allowable bellows 
spring r a t e  can now be d e r i v e d .  

= 15.0 = 20 g (0.2 l b )  + 4 TI (0.812)* x 360 (0.01) 

FT 0 

117.4 lb/sec - 7.37 - - =  
%ellows 0.065 

Since two bellows w i l l  be acting i n  series, t h e i r  spring r a t e s  
w i l l  be additive. 
each m u s t  not exceed 117.4/2 

Assuming both be l lows  a re  identical, the spring rate of 
= 58.7 lb/in. 

Valve Closing Force Requirements 

Once the  opened latch force is overcome, the closing force 
need overcome only that portion of  the worst case environment forces which a re  
not overcome by the bellows spring load. 

= 20 g (0.2 lb) + (0.812)2 360 (0.01) - (1.5 + 7.63) closing F 

Therefore, no closing pu l l  force is  required and the  closing 
c o i l  of t h e  actuator need only be sized t o  reduce the opened la tch  force so  
t h a t  t he  difference between open and closed la tch  force i s  3.26 lbs. 
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Valve and Actuator Design Force Cr i te r ia  

Actuator closed la tch force = 15.0 lbs 

Actuator opened force = 15.0 l b s  
Actuator opening force a t  0.065 stroke = 7-37' lbs 

Actuator closing force a t  0.065 stroke = 0 lbs 

Bellows closing preload = 1.5 l b  

Bellows maximum spring rate = 58.7 lb/in.  

2. Poppet-Seat Interface 

Several factors  must be considered t o  optimize the poppet-seat 
O f  prime concern i s  the establishment of a stable,  repeatable configuration. 

sea t  diameter .  Other considerations are smooth flow t rans i t ions  across the 
valve sea t  with the valve open, repeatable valve strokes and sof t  seat  compres- 
sion, and ef f ic ien t  u t i l i za t ion  of actuator forces i n  the closing mode. The 
selected poypet-seat interface employs a 90" included angle hard sea t  i n  the 
valve body and a formed Teflon so f t  seal  carried on the  poppet. This design 
was selected on the basis of the c r i t i c a l  f inishing and inspection of the 
Teflon being greatly simplified since it is readily accessible. Other inherent 
advantages are  realized since increased closing force tends t o  reduce the effec- 
t i v e  sea t  diameter  while i n l e t  pressure tends t o  increase the sea t  diameter. 
Therefore the  s e a l  can be designed t o  give optimum performance a t  the mst 
c r i t i c a l  pressure conditions. The f o r m d  Teflon s o f t  seal configuration was 
selected t o  allow maximum Teflon v o l ~  f o r  dis t r ibut ion of seating s t resses  
and assure resi l ience of the seal. The poppet t o  sea t  d i f f e ren t i a l  angle of 
5" which was selected t o  control Teflon compression, resu l t s  i n  a l i p  seal  
configuration of the Teflon on compression without protrusion of a th in  Teflon 
section in to  the flow stream when the valve is  open, and provide a well defined 
metal t o  metal land on the upstream s i d e  of the interface t o  control Teflon 
compression and prevent extrusion of the so f t  material. The ins ta l la t ion  of 
the Teflon s e a l  into the poppet is  accomplished w i t h  a minimum of special  tool-  
h g  and t h e  finished surface is  readily inspected without requiring inspection 
equipment t o  contact t he  c r i t i c a l  surface. 

3 .  Poppet Guidance 

The b a l l  joint  sha f t  linkage between poppet and actuator arma- 
ture, though more complex than a rigid one piece poppet and shaft  w i t h  mechan- 
i c a l  linkage t o  the armature, w a s  based on sound analysis. To assure repeated 
seat ing of the  poppet it i s  imperative tha t  the po2pet be accurately con- 
strained. By machining the guide bore in tegra l  with the body seat  and the 
guide diameter in tegra l  w i t h  the sea l  defining portion of the poppet, 



eccentr ic i ty  and squareness errors are minimized. The location of the guide 
bore as close t o  the sea t  as  possible also reduces the moment arm t o  the seat-  
ing diameter  t o  minimize misalignment due t o  the guide clearance. The metal 
bellows, which inherently impart side loads, straddle the guide bore and t h e i r  
effects  on poppet alignment are minimized. 

The b a l l  jo in t  s h a f t  linkage, b a l l  dismeter and b a l l  location 
were selected t o  assure t h a t  forces applied t o  the poppet from the actuator 
armature would always create a righting moment should the poppet cock suff ic-  
i en t ly  t o  contact the guide bore. 
through the close clearance bore rather than pushed. This jo in t  also precludes 
the requirement of close alignment control between actuator and valve sections, 
and s ide loads, inherent i n  magnetic devices are  not imparted t o  the poppet. 

The shaf t  is  therefore effect ively pulled 

4. Bellows Configuration Selection 

On completion of the preliminary design analysis, a preliminary 
specification f o r  the metal bellows was prepared and submitted t o  three manu- 
facturers  of welded metal bellows (Sealol, Inc., Metal Bellows Corp., and Bell- 
Metrics Corp.) . A welded bellows was selected because of i t s  superior f l ex i -  
b i l i t y ,  pressure resistance and l i f e  and the @eater selection of compatible 
materials available. For purposes of the i n i t i a l  quotation, the  material was 
l i m i t e d  t o  AM330 because of i t s  documented compatibility w i t h  the  operational 
f l u ids  and desirable character is t ics  when fabricated in to  welded bellows. 
Sufficient information was not available t o  firmly establ ish the best bellows 
p la te  configuration ( f l a t  plate, nesting ripple,  single sweep, torus)  and 
vendors were instructed t o  ver i fy  the basis of t h e i r  plate  configuration 
selection. 

A l l  vendors responded and the f l a t  plate  configuration proposed 
by Bell-Metrics Corp. was selected. Test data on similar bellows, operating i n  
the 0 t o  500 p s i  pressure range indicated a s table  effect ive area over the 
range. The simple configuration of the plate  also assures consistent effective 
areas between convolutions and from bellows assembly t o  bellows assembly. 
These advantages are achieved a t  some sacr i f ice  i n  f l e x i b i l i t y  and pitch (spac- 
ing between convolutions) but the overall performance was expected t o  warrant 
t h i s  selection. 

5. Actuator Design Analysis 

Uti l iz ing the force requirements derived and the e l ec t r i ca l  re-  
quirements of the contract work statement the analyt ical  design of the actuator 
was in i t i a t ed .  The selection of "MARQ-METAL" f o r  the magnetic core material 
was based upon i t s  demonstrated superior properties i n  previous TMC valve devel- 
opment work and the d r y  solenoid valve design. 
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The cross sectional area of the working gap was determined by 
estimating the average path length, t o t a l  a i r  gaps and a flux density. 
Alnico V permanent magnet was selected on the  basis of ava i lab i l i ty  i n  r ing  
magnet form, w e l l  documented character is t ics  and the negligible weight savings 
achieved by using other magnetic materials. 
suf f ic ien t  f lux  t o  shif't the  permanent magnet flux and provide adequate p u l l  
force a t  the des ign  stroke. This analysis was repeated a number of times a t  
various assumed f lux  densit ies a t  the  a i r  gap t o  es tabl ish an optimum re la -  
t ionship between working gap area, co i l  s i ze  and flux leak paths. 

An 

Coils w e r e  then sized t o  provide 

The optimum configuration was established a t  an a i r  gap f lux  
density of 7800 gauss. 

Where 

B = Flux density = 7.8 k gauss 

F = Force = 15 lbs 

A = Working gap area - in. 2 

The permanent magnet dimensions were then derived t o  provide suff ic ient  magnet- 
iz ing force t o  generate the required f lux density a t  the working area and 
throughout the magnetic path. 

NI = 2.02 B x S 

Where 

N I  = Magnetizing force - amp turns 

B = Flux density - gauss 

S = Stroke o r  gap - in. 

NI = (7800 x 0.009 + 2.0 x 10) 2.02 = 183 AT 

10 



Allowing f o r  15% f l u x  leakage, 210 AT magnetizing force is  required. 
Alnico V permanent magnet material, a r i ng  magnet of the dimensions shown below 
is required. 

Using 

t 

I 1.70 Dia - 

Flux d e n s i t y t o  cause the maximum required opening force was  then calculated 
from the relationship: 

1.73 X F  
7 7 T  B =  

From previous bis table  actuator development, additional f l ux  must be generated 
by t h e  c o i l  t o  e f fec t  t he  sh i f t ing  of the permanent magnet f lux  from the  clos- 
ing t o  the  opening c o i l  loop. 
a flux of 6700 gauss. The magnetizing force was calculated f m m  the relation- 
ship 

The opening c o i l  was therefore sized t o  generate 

NI = 2.02 B S 

NI = 2.02 x 6700 x 0.074 + 2.02 x 2 x 10 = 1040 A - T 

Allowing 20% leakage f lux  the c o i l  was sized t o  generate 1230 amp turns of 
mgnet iz ing force. 



Fromworst case temperature conditions and t o  allow some margin 
the minimum operating current of the c o i l  was established as 1.2 amp. 

- - -  1230 1 0 3  ampere - turns NI 
Current - 1.2 - No. turns required = 

The c o i l  diameters ( I D  and OD) were then established t o  be consistent with the 
permanent magnet diameters t o  simplify the assembly and optimize the u n i t  
weight. The average turn  length of 3.6 inches/turn required a t o t a l  length of 
c o i l  wire of 312 feet. For a c o i l  resistance of 15 ohms a t  2OoC, the selected 
c o i l  w i r e  requirement i s  15 ohms/312 feet = 48 ohms/lOOO feet. The c o i l  may 
therefore be wound of #24 aluminum wire or #26 copper wire. 

To effect  closing, the closing c o i l  need only s h i f t  suff ic ient  

Considering a 25% f lux  leakage approximately 5000 gauss need be gener- 
The magnetizing force t o  generate t h i s  f lux  density 

f lux  from the  opening c o i l  loop t o  the closing c o i l  loop t o  negate the la tch  
force. 
ated by the closing coi l .  
was calculated from the  relationship: 

NI = 2.02 B S = 2.02 x yxx~ x 0.074 800 ampere - t m n s  

For a mean turn  length of 3.6 inches and an operating current of 1.2 amps the 
c o i l  may be wound of 670 turns of #26 aluminum wire or  #28 copper w i r e .  

With reference t o  the B - H character is t ic  o f t h e  selected 
core material, the  cross sectional meas and dimensions of the core path were 
determined a t  a f lux density of 20,000 gauss. 

2 Total  required flux = 7800 gauss x 0.43 in.2 = 3350 gauss in. 

2 - - = 0.168 in. 
*core path 20,000 

The actuator weight was then estimated f o r  aluminum co i l s  and copper coi ls .  
The aluminum c o i l  des ign  was selected on the basis of i t s  l igh ter  weight. 
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6. Position Indicator Selection 

(1) The a b i l i t y  t o  isolate  the reed switch from actuator 
induced f i e l d s  

Two methods of providing an e l ec t r i ca l  s ignal  t o  monitor valve 
position were investigated. A microswitch, located so  as t o  be actuated by an 
extension of the valve shaft, was selected and mounting concepts studied. The 
designs a l l  required additional valve assembly components t o  assure r i g i d  and 
posit ive positioning and an adjustable valve shaf t  extension. 
selected required added unit  height as they could not be readi ly  contained w i t h  
within the actuator envelope. 

The switches 

Magnetic reed switches, such as those manufactured by General 
A single pole double throw sub- Elec t r ic  and Hamlin Inc., were investigated. 

miniature magnetic reed switch manufactured by Hamlin Inc., was selected. 
s i z e  of these uni ts  would allow the ins ta l la t ion  of two switches i n  pa ra l l e l  
within the actuator envelope with no increase i n  uni t  height. 
c i rcu i t  would provide a redundant indicator c i rcu i t  and also assure a mininnun 
apparent c i r cu i t  contact resistance. Two nrethods of actuation w e r e  proposed. 
With a small permanent magnet mounted on the valve shaft ,  and the reed switches 
mounted perpendicular t o  the actuator axis so  as t o  be isolated f romthe  actu- 
a tor  induced f i e l d ,  the switch would respond t o  the proximity of the shaft 
mounted permanent magnet thus monitoring valve position. The marginal aspects 
of t h i s  scheme, which could only be verified by test were :  

The 

The pa ra l l e l  

( 2 )  The sens i t iv i ty  and hysteresis character is t ics  of the 
reed switch as t o  i t s  a b i l i t y  t o  discriminate a d i f -  
ference in permanent magnet posit ion of approximately 
0.065 inch. 

The second, and simplest method, was  t o  mount the reed switch 
i n  such a position and orientation as t o  discriminate between leakage fluxes 
w i t h  the armature in the closed position and leakage fluxes i n  the open posi- 
t ion.  
developmnt testing. 
axis and within the counter bore existing i n  the pole piece. 
t i o n  and orientation was t o  be determined by tes t .  

This method was selected as the primary technique t o  be evaluated during 
The switch was  t o  be located para l le l  t o  the actuator 

The exact loca- 

7. Material Selection 

Prime consideration for materials used i n  wetted portions of 
the valve was compatibility with the working fluids,  t e s t  f luids and combina- 
t ions  of these. Type 304 and 321 exhibited the most desirable properties but 
do not have a heat t r e a t  capability. 
core, which required heat t r e a t  t o  obtain more desirable hardness and wear 

Those parts, except bellows and actuator 
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resistance were t o  be fabricated of l7-7pEI precipi ta t ion hardenable corrosion 
res i s tan t  steel. I n  areas expected t o  experience wear o r  s l id ing  contact with 
mating components, one surface was "EXectrolized" t o  improve w e a r  resistance 
and also provide lubricity.  

B. Development 

1. Prototype Unit Design 

Concurrent w i t h  the design analysis, the d e s i g n  of the proto- 

How- 
type unit was in i t ia ted .  
as mch as possible, the in te rna l  configuration of the production unit .  
ever, the  design must also provide for  modifications t o  the flow path t o  improve 
the A p characterist ic,  allow f o r  adjustments of bellows position and poppet 
stroke, and allow access for  measuring valve and actuator component character- 
i s t i c s .  
assemblies w i t h  t e s t  fixtures t o  simulate the interfaces.  
ultimately assemble the actuator t o  the valve section was also retained. The 
wetted portions of the  valve section, duplicated i n  most every de ta i l ,  the 
planned production uni t  configuration while bolted construction and the use of 
elastomeric s t a t i c  seals  permitted disassembly and assembly, and ease of ad- 
justment and measuremnt of valve s t r o k e  and force. The materials of construc- 
t i o n  of the  prototype were ident ical  with the planned production uni t  design 
so as t o  evaluate character is t ics  of s l iding f i ts  and the poppet metal-to-Eta1 
stop. 

The primary objective of the design was t o  simulate, 

The valve section and actuator section were designed as separate 
The capabi l i ty  t o  

2. Prototype Unit Fabrication 

The fabrication of the prototype uni t  was accomplished a t  
Marquardt. Most par t s  were  made on lathes and mills without the need f o r  
special  tooling. Cr i t i ca l  s l id ing  surfaces and contacting surfaces were 
finish-ground a f t e r  heat t r e a t  and c r i t i c a l  wear areas were electrolized. 
prototype u n i t  is  shown i n  Figures 3 ,  4, 5, and 6. 

The 

Actuator co i l s  were wound of aluminum wire on nylon spools. 
Teflon coated copper leads were then soldered t o  t h e  aluminum wire w i t h  a 9 6  
tin-lO$ zinc solder using an ultrasonic soldering pot. The copper leads were 
then wound one turn  each i n  the proper direction and brought through the access 
s l o t s  i n  the spool. 
with q l a r  tape. 

The c o i l  was then finished by wrapping the wire bundle 

Assembly of the poppet assembly was accomplished by forming 
the  f l a t  Teflon sea l  t o  the poppet contour a t  200'F with a dummy retainer.  
With the dummy retainer  clamped in place the assembly was cooled i n  l iquid 
nitrogen f o r  f ive  minutes. 
t a iner ,  heated t o  200'F, pressed i n  place. 
t he  specified protrusion on a la the  a f te r  the assembly had been stabil ized by 

The dunmy re ta iner  was then removed and the re- 
The Teflon was then cut back t o  
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heating t o  300°F f o r  8 t o  10 hours and a i r  cooling t o  ambient temperature fo r  
no less than 12 hours. 
a microscope and the  Teflon examined microscopically f o r  surface condition and 
a prof i le  traced on a comparator. 

The finished poppet assembly was then deburred under 

The valve section and actuator sections were assembled separ- 
a t e ly  and submitted f o r  development testing. 

3. Prototype Testing 

a. Actuator Section 

After checking out the  prototype actuator f o r  continuity, 
c o i l  resistances and shorts, the  actuator was polarized by applying 32 Vdc t o  
both co i l s  while the co i l s  were connected i n  paral le l .  
measured w i t h  a d i a l  indicator and the force character is t ics  of the assembly 
determined. Dead w e i g h t s  were suspended from the armature shaft and various 
input voltages applied. Pole face gaps i n  the latched position were varied 
by the position of an adjusting screw on the mounting plate .  Force, voltage 
and pole face gap character is t ics  of the prototype actuator are shown i n  
Figures 7 and 8. 

Armature stroke was 

During tes t ing  it was evident t ha t  force outputs of the 
actuator were below the des ign  levels. 
using an R.F.L. Magnet Charger. A 400 Vdc pulse was applied t o  the pa ra l l e l  
connected coi ls .  Some increase i n  force output was noted as a r e su l t  of the 
stronger polarizing force, but design levels  were not achieved. 
VS. c o i l  voltage character is t ics  obtained, it was determined t h a t  the magnetic 
c i r cu i t  w a s  sa turat ing at a l o w  input level. The magnetic c i r cu i t  design was 
carefully reviewed and some cross sectional areas found t o  be marginal. A new 
armature was fabricated and the marginal cross sect ional  areas of the  housing 
and pole piece were increased, t o  obtain a consistent path cross-sectional 
area, by press-f i t t ing rings of the core material. On retest, the actuator 
force and stroke capabili ty exceeded the design levels by a small but adequate 
margin (Refer t o  Figures 9 and 10). 

The assembly was therefore repolmized 

f iomthe  force 

The actuator w a s  then instrumented t o  determine dynamic 
e l e c t r i c a l  character is t ics .  
need f o r  voltage spike suppression. 
measured undervarious conditions of applied voltages and armature force output. 
A zener diode c i r cu i t  t o  limit the magnitude of these spikes t o  less than 40 
vo l t s  was  designed f o r  incorporation i n  the production design. 

Induced voltage t races  were obtained t o  es tabl ish 
Induced voltage spikes of 50 t o  100 V were 

A magnetic reed switch was then wired t o  a bat tery and 
The actuator was indicator  l ight and mounted i n  the pole piece counter-bore. 

subjected t o  various opening and closing voltages with the switch i n  various 



orientation. With the switch located i n  contact w i t h  t he  pole piece counter- 
bore wall  and with a t  l e a s t  2/3 of i t s  length inserted in to  the bore, posit ive 
monitoring of armature position was obtained. I n  t h i s  posit ion the  switch was 
.insensitive t o  c o i l  energization and only responded t o  armature position. 
scheme was therefore adopted f o r  incorporation in to  the  production design and 
the other schemes w e r e  not tested. 
i n  Figures 11 and 12. 

This 

Typical actuator tes t  s e t  ups are shown 

b. Valve Section 

After checkout of the flow and pressurization system se t  
up, the valve section w a s  ins ta l led f o r  the flow vs. pressure drop t e s t  at  
various poppet strokes. The valve stroke was s e t  by a mounting plate  adjust- 
ing screw and measured by a d i a l  indicator. 
a fixed r e s t r i c t ion  existed which prevented reduction i n  pressure drop a t  
strokes above 0.060 inch. 
stroking, extended t o  r e s t r i c t  the f l o w  passage a t  strokes above 0.060 inch, 
the increased r e s t r i c t ion  due t o  be l lows  extension in to  the flow stream was 
equal t o  the  reduction in res t r ic t ion  due t o  the poppet t o  sea t  clearance. 
Spacers and a new adapter r i ng  were fabricated t o  relocate the lower bellows 
out of the f l a w  stream and f l a w  VS. A p t e s t s  performed. A t  the  design stroke 
of 0.065 inch a minimum A p of 2.7 ps i  was  obtained a t  a flow r a t e  of 0.73 pps 
of water (equivalent t o  0.88 lb/sec of N2O4). By more stringent contouring of 
the flow passages downstream of the seat a A p of 2.0 p s i  was obtained a t  the 
rated flow condition. 
of contouring t h e  i n l e t  passage and/or shrouding the i n l e t  bellows t o  prevent 
d i r ec t  f l u id  impingemnt, were tested and found t o  be negligible. 
drop with reverse flow was also measured and found t o  be 10 t o  20$ higher 
than forward flow a t  the same stroke and flow rate .  

I n i t i a l  character is t ics  indicated 

It was determined tha t  the lower bellows, on poppet 

I n  evolving t h i s  ultimate pressure drop, t he  e f fec ts  

Pressure 

Concurrent with the flow VS. A p tests, force VS. deflec- 
t i o n  character is t ics  of the poppet w i t h  various system pressures, w e r e  deter- 
mined. 
r a t e  was approximately 100 lb/in. up to  system pressures of 100 psig. A t  
higher pressures, a rad ica l  increase in  spring r a t e  occurred (See Figures 13 
and 14). A comparison of this characterist ic with a force VS. pressure a t  
zero deflection, supplied by the bellows manufacturer, indicated that the 
pressures above 100 p s i  were result ing i n  a deformation of the f l a t  plate  
convolution configuration suff ic ient  t o  cause contact between adjacent plates  
thereby a l te r ing  the spring r a t e  characterist ic.  To ver i fy  th i s  assumption 
and determine corrective action, the bellows assembly solid height was meas- 
ured. The bellows were then assembled into the valve a t  various instal led 
heights, such tha t  no sea t  preload existed t o  assure tha t  both bellows were 
a t  equal heights. The instal led dimension yielded a value of available stroke 
per convolution a t  ins ta l la t ion  by the  following relationship: 

For strokes up t o  the design stroke of 0.065 inch the gross spring 
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Where 

L 
I1 ins  ,a l le  

hsolid 

N 

hinstalled - hsolid 
N 

= Bellows height a t  instal la t ion 

= Bellows solid height 

= Total number of convolutions 

Force-stroke t e s t s  a t  various pressures were then  performed f o r  each instal led 
height and spring r a t e  curves generated f o r  each instal led height. From these 
plots, t he  pressure a t  which the spring r a t e  exceeded 117 lb/in. (the design 
l i m i t  f o r  the two bellows i n  ser ies )  was determined and plotted against the  
available stroke per convolution a t  ins ta l la t ion  (Refer t o  Figure 15). From 
the p lo t  thus obtained it was determined t h a t  an available stroke of 0.035 
inch/convolution was required . 
recommended maximum stroke per convolution f o r  f l a t  p la te  bellows of t h i s  d i -  
ameter. The al ternate  corrective action was t o  redesign the  bellows. 
bellows manufacturer submitted al ternate  designs t o  perform the function. 
However, a l l  new designs also required approximately the same lengthening of 
the valve assembly as was  required t o  accommodate the instal led length of 
exis t ing design revised t o  provide the 0.035 inch stroke/convolution. A new 
bellows weldment and poppet assembly were then fabricated w i t h  bellows heat 
t reated t o  provide 0.035 inch stroke/convolution a t  the  f u l l  length. 

This also represented the bellows manufacturers 

"he 

While the new bellows assemblies were being fabricated a 
tes t  was p e r f o m d  t o  assure that the effect ive area of the bellows and the 
sea t  area w e r e  properly matched. The valve mechanism was assembled such that 
the ins ta l led  posit ion of the bellows l e f t  the poppet off the seat.  Load in-  
crements were applied t o  the  poppet and the poppet stroke measured, u n t i l  the 
poppet seated. 
t e s t  results (100 lb/in.). A load increment was added t o  the poppet and the 
i n l e t  pressure was increased u n t i l  the poppet l i f t e d  t o  relieve the pressure. 
This procedure was repeated with increasing load increments. The t o t a l  sea t  
load d iv ided  by the i n i t i a l  deflection of the  bellows yielded a spring r a t e  
which w a s  plotted against the  pressure a t  which the poppet l i f t e d  t o  re l ieve 
the pressure. The character is t ic  correlated with a l l  pr ior  spring r a t e  VS. 
pressure character is t ics  fo r  t h i s  deflection and it was concluded tha t  effec- 
t i v e  areas had been properly matched. 

The resul t ing spring r a t e  was calculated and agreed with pr ior  
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The new poppet assembly and bellows assembly were ins ta l led  
i n  the valve lnechanism w i t h  new spacers t o  permit maximum convolution spacing. 
A force VS. stroke tes t  a t  various system pressures was performed (Refer t o  
Figures 16 and 17). The net spring rate was calculated a t  each pressure level 
and plotted against the system pressure, 
with design analysis, the following value was obtained f o r  each measured stroke: 

To f a c i l i t a t e  comparison of test data  

x loo F360 - Fo 
360 psi Aeff nom 

Where 

F3@ = 

= 

= Nominal effect ive area of bellows 

Force t o  produce specific deflection a t  360 p s i  pressure 

Force t o  produce same deflection a t  0 p s i  FO 

Aeff 

The resul t ing value indicates change i n  effect ive area over 
the operating pressure range if the bellows spring r a t e  from 0 t o  360 psig is  
constant, as was a s s m d  i n  t h e  design analysis (See Figure 18). 

The net  effective force, i n  addition t o  environment gener- 
ated and preload forces, which the actuator m u s t  overcome t o  cause poppet 
motion, i s  therefore the combined values of spring r a t e  and effect ive area 
change force, which i n  the  or iginal  analysis was 9.5 pounds. 
possible t o  i so la te  these two force characterist ics by t e s t ,  t h e i r  combined 
effect  i s  the controll ing factor.  
ceeding the assumed value used i n  design analysis, the t o t a l  force required t o  
achieve up t o  0.On inch of valve stroke a t  any pressure up t o  360 psig d i d  
not exceed tha t ,  allowed f o r  i n  the  analysis (9.5 lbs). 

Since it i s  i m -  

I n  sp i te  of the  effect ive area change ex- 

Having determined the force character is t ics  of the assembly 
and established tha t  w i t h  no poppet motion, the force required t o  maintain 
poppet posit ion is  s table  within f 0.5 lb, tests t o  determine leakage charac- 
terist ics were performed. Pr ior  t o  that  t i m e ,  some attempts w e r e  made t o  
determine the leakage character is t ics  but all proved unsuccessful as the in- 
s tabi l i ty  of poppet forces over the pressure range prevented accurate measure- 
m n t  of s ea t  loads. 
of break-in cycles, t o  "wear-in" the poppet and seal,  improved the sealing 
character is t ics .  

From these attempts, however, it was evident t ha t  a series 



The valve mechanism w i t h  the f i n a l  bellows design (T13221/ 
OOlA poppet assembly and T13222/003 bellows weldment) was instal led i n  the 
tes t  set up (See Figure 19). 
leakage measured by water displacement. Seat loads up t o  10 lb (4  lb/in.) 
w e r e  applied t o  the  poppet and t e s t s  performed a t  pressures up t o  100 psi.  
Excessive leakage was evidenced a t  a l l  pressures greater than 5 psig. 
r a t e  a t  any pressure was independent o f  applied sea t  load, indicating a fixed 
clearance existed across the poppet seat interface. 
and visual ly  examined. The body seat evidenced r ad ia l  surface scratches when 
viewed under 6 0 X  magnification. 
while a seat  lapping t o o l  was fabricated. 
a WX comparator as was the  poppet sea l  prof i le .  A composite of the prof i les  
is  shown i n  Figure 20. 
Teflon protrusion prevented adequate Teflon squeeze t o  accomplish a good seal 
against a surface w i t h  rad ia l  scratches. 
new Teflon sea l  instal led.  The f inish cut on the  Teflon was made t o  allow 
+0.0020, - 0.0015 inch more protrusion a t  the s e a l  face. 
lapped with 4-A grade lapping compound t o  remove a l l  r a d i a l  imperfections i n  
the sealing area. 

I n i t i a l  leak tests were performed with GN2 w i t h  

Leakage 

The valve was disassembled 

Seat molds were then made of the  body seat  
The sea t  molds were then examined on 

Fromthis examination it was evident t ha t  inadequate 

The poppet s ea l  was removed and a 

The body seat  was 

C. Complete Valve Assembly 

The valve mechanism was then reassembled and the actuator 
mounted t o  the  assembly t o  f a c i l i t a t e  break-in cycling. The valve was mounted 
i n  t h e  set up i n  an inverted position. I n  t h i s  orientation, dead w e i g h t s  could 
be suspended f’rom a shaft attached t o  the armature t o  counteract the  latching 
force thereby controll ing and measuring sea t  load. Since the  assembly of the 
actuator t o  the valve mechanism was accomplished without controlling the arma- 
t u re  t o  pole face gap the la tch  force was measured and found t o  be 8.4 lb. 
The valve was then pressurized w i t h  GN2 a t  100 psig. 
measured and the valve was cycled from closed t o  open t o  closed ten times with 
no pressure applied. The 100 psig GN2 was applied and though the leakage rate 
was reduced, it was s t i l l  excessive. The valve was then cycled 50 t i m e s  and 
GN;! pressure again applied. 
up t o  360 psig f o r  a period of 10 minutes. With 360 p s i g  applied a t  the inlet 
and the out le t  connected t o  a minimumullage a t  0 psig the valve was cycled 
f’rom closed t o  open t o  closed and a leak check again performed. 
du re  was repeated 10 tims w i t h  no evidence of leakage a t  360 p s i g  f o r  3 min- 
utes occurring a f t e r  any cycle. 
the  valve l e f t  a t  ambient conditions for 15 hours. A t  the end of t ha t  period 
a leak check a t  360 psig was performed w i t h  no evidence of GN2 leakage f o r  a 
period of 6 minutes. 

Excessive leakage was 

There was no evidence of leakage a t  any pressure 

This proce- 

The i n l e t  pressure was reduced t o  zero and 

The valve i n l e t  was then attached t o  a regulated helium 
supply. 
of leakage. 

With i n l e t  pressure a t  360 psig f o r  10 minutes, there was no evidence 
The valve was then cycled 10 times as before, with a 3 minute 
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helium leak check performed after each cycle. 
cycle some leakage was observed and masured. 
the three minute period was 18 scc/hr but the r a t e  appeared t o  decrease with 
t i m e ,  
then disassembled and microscopically inspected. 

After the t h i r d  and eighth 
The maximum r a t e  measured over 

All other leak checks resulted i n  no measurable leakage. The valve was 

A uniform and full circumference t race  of the metal t o  
metal contact was observed. The trace was characterized by a smoother appear- 
ing surface than surrounding areas but no marked deformation of the t o t a l  s ea t  
area (depression of trace,  distortion, o r  migration of material) . 
no evidence of Teflon deposition on the sea t  resul t ing from s l id ing  contact 
with the poppet seat .  The t race was uniform width  along i ts  en t i re  circumfer- 
ence indicating repeated, consistent contact w i t h  the  poppet, hence good guid-  
ance. The poppet evidenced no significant change from i ts  as-machined condi- 
t i on  except s ignif icant  amounts of foreign par t iculate  contaminant i n  the re- 
l i e f  gap between the upstream side o f t h e  Teflon s e a l  and the  retainer .  
source of the contaminant was judged t o  be the helium regulator and supply 
l ine.  
damage as a r e su l t  of exposure t o  the  contaminants. 
contour of the Teflon was apparent. 

There was 

The 

The Teflon sealing surface evidenced no s ignif icant  i r regular i t ies  or 
No extrusion or  change i n  

The valve was then reassenibled and the previous leakage 
tes t  sequence performed. 
cycles, but a l l  leak checks performed evidenced zero or  token leakage ra tes  no 
greater than 10 scc/hr. 

The valve again required a br ief  break-in ser ies  of 

The valve was  t h e n  ins ta l led  i n  the water flow set up t o  
ver i fy  performance under flow conditions (Refer t o  Figure 21). 
was adjusted t o  0.065 inch. 
t e r i s t i c  was then determined (See Figure 22) . 
the  closed posit ion with 18 Vdc while flowing 0.73 pps a t  a s t a t i c  i n l e t  pres- 
sure of 360 psig. 
with the  i n l e t  maintained a t  360 psig. 
inspected. 
with the exception of a reduction i n  the quantity of foreign par t iculate  con- 
t amination. 

Poppet stroke 
The A p a t  rated flow VS. i n l e t  pressure charac- 

The valve was then actuated t o  

Zero l iquid leakage was measured over a 20 minute period 
The valve was again disassenibled and 

Observations were essent ia l ly  the same as the previous examination 

With the valve reassembled, helium leakage reduced t o  zero 
after a brief break-in cycle (25 cycles). 
t o  540 ps ig  f o r  3 minutes. 
bubble every 12 seconds. On reducing the pressure t o  360 psig, leakage was 
zero over the 3 minute period a t  th i s  pressure. 
pressure was repeated 5 times w i t h  resu l t s  essent ia l ly  ident ical  with pr ior  
observations. 

Inlet pressure was then increased 
Leakage a t  th i s  pressure was observed t o  be 1 

This cycling of the inlet 
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The valve was then inverted in  the set up and the sea t  load 
determined by suspending dead weights from a shaft  extension. 
then pressurized t o  360 psig w i t h  helium and the leakage monitored. 
indicator was employed t o  monitor poppet motion and one pound w e i g h t  increments 
were applied t o  the shaft extension. 
poppet motion was recorded and leakage was measured f o r  three minutes. 
was continued u n t i l  the  leakage r a t e  exceeded 20 scc/hr. The actuator armature 
t o  pole face clearance was then adjusted t o  provide a different  l a t ch  force and 
the loading procedure repeated. From the measured la tch face, dead weight 
force a t  which leakage exceeded 20 scc/hr and the assumed seating diameter, the 
seat load r a t e  (l%/in.) was calculated f o r  correlation with the value used i n  
the design analysis.  

The i n l e t  was 
A d i a l  

After each weight increment addition, 
This 

= Seat load r a t e  FL - FD 

Where 

FL = 

FD = 

- 
ds - 

Measured la tch  force 

Dead w e i g h t  load a t  which leakage just exceeds 20 scc/hr 

Assumed sea t  diameter inches 

Test A 

8*4 - ' - 2.12 lb/in. Y 0.812 - 

T e s t  B 

13 .2 = 3.18 lb/in. 

With the valve assembly instal led i n  the water flow set up 
the actuator was instrumented t o  determine valve response characterist ics.  
Induced voltage signatures were recorded on an oscilloscope equipped with a 
Polaroid Camera a t  various input pressures and applied actuating voltages. 
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Over the pressure range of 0 t o  360 psig and applied voltage range of 18 t o  32 
Vdc, opening response ranged from 0.006 t o  0.018 seconds and closing response 
from 0.008 t o  0.014 seconds (Refer t o  Figures 23 and 24). The performance of 
.the magnetic reed  switch posit ion indicator was also ver i f ied again during 
these tests. 

The f i n a l  development t e s t ,  p r ior  t o  disassembly and inspec- 
t i o n  of the  prototype, was t o  demonstrate the des i rab i l i ty  of the bal l  jo in t  
poppet-shaft, linkage. All pr ior  tes t ing had been performed with the b a l l  f r ee  
t o  ro ta te  t o  accommodate misalignment of the shaf't w i t h  the  poppet. Since the 
prototype des ign  d i d  not control the alignment of the actuator w i t h  the  valve 
assembly, it was logical  t o  assume t h a t  the valve had performed sa t i s f ac to r i ly  
without the  need t o  align these two sections with any more accuracy than a 
v isua l  examination. 
the bearing-ring was tightened against the b a l l  t o  preclude f r ee  rotation. 
With the  inlet  pressurized and the  valve closed, s i d e  loads were applied t o  
the shaf't. 
had a leakage r a t e  within the specification allowable without a significant 
increase i n  poppet load. 
most desirable configuration. 

To demonstrate the des i r ab i l i t y  of the selected linkage, 

Under these conditions, it was impossible t o  achieve a closure t h a t  

The selected design was therefore judged t o  be the 

The valve assembly w a s  then completely disassembled and 
inspected. 
appearance beyond t h a t  noted a f t e r  the f irst  inspection of this area. 
Teflon s e a l  evidenced no s ignif icant  change i n  prof i le  or  extrusion. 
d i t ion  of the sealing surface showed evidence of burnishing with respect t o  the 
or ig ina l  machining marks, but no damage t o  the surface was observed i n  sp i t e  of 
the par t icu la te  contamination which the assembly had experienced during the 
t e s t  program. Sliding contact areas were examined t o  determine a potent ia l  
gal l ing problem. 
evidence of galling, such as metal smears, burns or loca l  burnished areas was 
nonexistent. 
fatigue problems and development tes t ing was concluded. 

The poppet-seat interface area showed no s ignif icant  change i n  
The 

The con- 

A l l  showed evidence of metal t o  metal s l id ing  contact, but 

Examination of other components evidenced no apparent w e a r  or 

4. Summary of Design Changes Resulting from Development Testing 

During the  development phase of the program, the following 
design changes were incorporated in the prototype valve mechanism, and eval- 
uated. 

a. Teflon Sealing Profi le  

The i n i t i a l  prototype sea l  prof i le  design required the 
machining of a double angle prof i le  on the  Teflon seal.  
experience with t h i s  prof i le  gained i n  the  manufacture of Apollo engine injec- 
t o r  valves, revealed a potent ia l  stable seating diameter problem due t o  cold 

Further analysis and 

22 



flow of the  Teflon. A single angle profile, w i t h  a 5" d i f f e ren t i a l  angle with 
the seat  surface, was selected. I n i t i a l  development tes t ing  t o  ver i fy  leakage 
r a t e  character is t ics  resulted i n  the requirement t o  increase Teflon protrusion 
+ 0.0020, - 0.0013 inch t o  assure adequate squeeze t o  accomplish the seal. 

' N. C. Contacts N. 0. Contacts 

Switch No. 1 

Switch NO. 2 

Switches 1 and 2 i n  ll milliohms 11 milliohms 
p a r a l l e l  

38 t o  49 miniohms 

30 t o  36 miniohms 

33 t o  39 milliohms 
30 t o  36 milliohms 

b. Actuator Magnetic Path 

* 1 

As presented i n  Section 3.0 a, an analyt ical  error  i n  the 

The corrective action implemented during development t e s t i n g  
design of magnetic path areas w a s  disclosed by a more rigorous review of t h e  
design analysis. 
was consistent with the corrected analysis. 

C. Bellows Installed Length 

The i n i t i a l  development test  t o  determine force-stroke 
character is t ics  of the bellows a t  pressures, revealed a s ignif icant  in te r re la -  
t ionship between spring rate ,  pressure and convolution spacing. 
manufacturers contacted a t  the start of t he  program offered no information nor 
claimed any knowledge of t h i s  imposing any res t r ic t ion .  
analysis of i n i t i a l  t e s t  resul ts ,  a minimum instal led length t o  assure s tab le  
character is t ics  was determined and verified by future  test. 
r e s t r i c t ion  required an increase i n  valve length and consequently a u n i t  
w e i g h t  increase . 

The bellows 

As a r e su l t  of the  

This new length 

5. Design Support Evaluation Tests 

I n  support of the i n i t i a l  design concept, three evaluation t e s t  
(bestionable design programs w e r e  i n i t i a t ed  t o  ver i fy  specific configurations. 

areas were evaluated, and test  resul ts  are: 
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Current Standard 

The test  s e t  up i s  shown schematically below: 

- 
VariaC 276 ohms 

Fluke 803 Voltage 
Transfer Standard 

Switch 
a 

The t e s t s  verified contact resistance t o  be well  within the 
50 milliohm maximum l i m i t .  

28 V Powe 

b. Aluminum Coil Wire Junction t o  Dissimilar Leads 

Two design approaches were evaluated. The a b i l i t y  t o  join 
the aluminum leads t o  the 52 alloy header pins was evaluated and the joining of 
copper leads t o  the aluminum a t  t he  co i l  was evaluated. 
lead w i r e  and the  52 al loy header pins w e r e  plated w i t h  copper, silver and 
nickeland those w i t h  similar plat ing were joined with 50% zinc solder using 
standard soldering techniques. The silver and nickel plated aluminum wires 
w e r e  extremely b r i t t l e  and eventually f’ractured a t  the termination of the 
plating. These jo in ts  a lso exhibited jo in t  resistance i n  excess of 50 m i l l i -  
ohms. 
tance but embrittlement posed a problem unless complete r e s t r a in t  of the  lead 
could be assured by the design. 

Samples of aluminum 

The copper plated samples y ie lded  a jo in t  of l e s s  than 1 milliohm res i s -  

Additional w i r e  and pin samples were joined using the 
Wetahese” process, a proprietary plating technique of camwily Inc., of LOS 
Angeles. 
j o in t s  and embrittlement of the plated areas resulted i n  ultimate fa t igue 
f a i lu re  of the wire. 

The samples exhibited contact resistance similar t o  the soldered 

The second design al ternate  was evaluated by obtaining a 
low resis tance copper t o  aluminum wire jo in t  using 90% t i n ,  lo$ zinc solder, 
applied with an ultrasonic soldering pot. By providing one turn of the copper 
lead before bringing the  p i g t a i l  f’romthe coi l ,  the s t ruc tura l  in tegr i ty  of the 
j o i n t  was  assured by the f i n a l  c o i l  wrap of lllylar tape, 
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The second design al ternate  was adopted on the basis of 
its simplicity. 

C. Weld Joint  and Configuration 

Fusion welds were selected f o r  the deliverable designs. 
assure that the  "Marq m t a l "  actuator housing could be thus welded t o  the 321 
cres valve body, samples w e r e  fabricated featuring the  proposed burn-down l i p .  
Thinner section l i p  samples were also fabricated. 
that two d i s s i m i l a r  metal fusion joints and a 'Warq-metal" t o  "Marq-metal" 
fusion jo in t  was accomplished. 

To 

Samples were welded such 

The samples were then examined f o r  penetration, 
heat affected 
uration shown 

zone and weld quality. Based upon this  examination the config- 
below was selected. 

1 

0.060 

Configuration' Shown Before Fusion Weld 

All jo in ts  (except tube connection and bellows w e l d s )  exposed t o  pressures are 
threaded before closure m i o n  welding t o  assure s t ruc tura l  in tegr i ty  of the 
j o i n t .  

C. Deliverable Design 

The incorporation of all demonstrated prototype features in to  a 
min imum w e i g h t  unit meeting envelope and performance requirements of the work 
statement, was the primary objective of the deliverable design e f for t .  The 
design changes resu l t ing  f k o m  development t e s t ing  and the configurations selec- 
ted  on the basis of t he  sample evaluation tests were incorporated. The result- 
ing design is  presented i n  Figure 2'3. 

In additim t o  select ing w a l l  thicknesses t o  perform specif ic  func- 
t ions,  t h e  wall  thickness and jo in t  design of unwetted portions of the valve 
w e r e  selected t o  withstand valve f l u i d  pressures, t o  guarantee containment of 
f luids  i n  the event of a bellows fai lure .  Magnetic materials not inherently 
compatible with the operating f l u i d s  are heavily electrolized t o  provide wear 
resistance,  and resistance t o  attack. 
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,andard Parts & Pigta i l  -- - -  - 

X22700 Valve Assembly 

Surface finishes were specified commensurate with required function. 
1 Sliding wear surfaces and the seating surfaces a re  f in i sh  ground t o  an 8 rms 

f in i sh  before e lectrol ize  is applied. 
with generous t rans i t ion  radii, wherever possible, t o  minimize turbulence and 
surface finishes are  a t  l ea s t  125 r m s .  

techniques employed are  ident ical  w i t h  those established during build up and 
development of t he  prototype unit. 
sample testing. 

Cr i t i ca l  flow path surfaces are  contoured 

Except f o r  f i n a l  closure welding, the sequence of assembly and 

The weld joint  design w a s  ver i f ied by 

A summary of estimated actual  weight of components and sub- 
I assemblies of the valve is shown i n  Table 111, below. 

0.1600 

1.512 

TABLZ I11 
V A L .  WEIGKC BFWKDOWN 

t I Preliminary 
Estimated I Weight 

Lower Body Assembly 

Bearing Ring 

Bellows Assembly 

Enl Plate 

Lock Screw 

Upper Body 

Poppet Assembly 

Actuator Housing 

Coil Assembly - Closing 

Magnet 

Armature 

Coil Assembly - Opening 

Potting Shel l  

Cover Assembly 

Pole Piece 

S h a t  

Switch Mount Bracket 

Shim 

( lbs )  

0.2630 
0 .ooog 
0.0465 
0.0048 

0.0075 
0.1080 

0 -0664 

0 -0166 
0.0496 
0.0880 

0.0408 
0.0078 

0.4970 

0.0405 
0 *0970 
0.0108 
0.0010 

0.0106 

0 233 
0 0001 

o .067 
0 -005 

0 -005 

0.087 
o -066 

0.066 
0 -396 

0 -049 
0.092 

0.140 
o .008 

0.048 
0 -131 
0 .oll 
0 0001 

0 o o o g  

0.162 
1 565 

----- 
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The weight of the f i rs t  deliverable d e s i g n ,  though essent ia l ly  within 
the 1.50 l b  l i m i t  of the  specification does not represent the minimum at ta inable  
weight of the assembly. With adequate t i m e  t o  perform a more rigorous stress 
analysis and a t  a greater un i t  cost, w e i g h t  savings could be achieved by fur- 
t he r  contouring of the valve body. Also, the nominal valve body wall thick- 
ness of 0.070 inch can be reduced i n  cer ta in  areas, and the contouring designed 
t o  achieve a more consistent wall thickness. 
halves could be accomplished by electron beam welding, thus reducing the w e i g h t  
due t o  the threaded jo in t  and t ransi t ion in to  the  weld l i p .  
savings may also be achieved by electron beam welding of the actuator housing 
t o  the pole piece and cover assembly t o  pole piece. The use of mounting lugs 
rather  than a welded bracket a l s o  would result i n  a weight savings. 

The joining of the two body 

Additional weight 

Uti l iz ing a lighter w e i g h t  p ig ta i l ,  it i s  estimated t h a t  an ultimate 
uni t  weight of 1.30 lbs can be achieved. 
jacket cable selected due t o  prototype development handling requirements. 
weighs 0.137 lbs.  
t o  weigh only 0.07 lbs. 

The delivered p i g t a i l  is  a shielded 
It 

An unshielded p i g t a i l  suitable f o r  flight usage is  estimated 

Excluding the  w e i g h t  of the pigtai l ,  it is  estimated tha t  an u l t i -  
mate uni t  weight of 1.21 lbs  can be achieved. 

After completion of a l l  welding operations on the valve section, 
These tests all indi-  

The actuator sections were then 
proof pressure and sea t  leakage t e s t s  were performed. 
cated sat isfactory sealing characterist ics.  
built up, welded i n  place, and f i n a l e k c t r i c a l  connections made. A sea t  leak- 
age check following completion of the assembly, yielded leakage ra tes  i n  excess 
of the allowable. Removal of the cover assembly t o  provide access t o  the 
shaft-armature interface permitted reset t ing the closed position armature air  
gap t o  achieve a proper poppet seal .  The a i r  gap shift resulted frm the  
thermal cycling during welding and potting cure operations. 
ations the valve had been i n  the  closed position and "cold flaw" of the Teflon 
s e a l  during the 300°F potting cure bake cycle was suspected. Therefore, t o  
aid the recovery of the proper Teflon prof i le  and also tes t  the s t a b i l i t y  of 
the armature a i r  gap, the uni t s  were baked a t  250°F f o r  four hours with the  
valve i n  the open position, and a l l  subsequent assembly operations performed 
with the valve i n  the open position. 

During these oper- 

It i s  recommended t h a t  a valve be maintained i n  the open position 
whenever it i s  not functioning. 
have experienced up t o  5000 cycles of operation without a sea l  failure, 
but additional t e s t ing  will be required t o  demonstrate a l i f e  of at  least 
20,000 cycles. 

Valves fabricated under t h i s  contract 

Final acceptance tes t ing  y i e l d e d  pressure drops in excess of speci- 
f i ca t ion  allowables (2.55 to 2.90 psi VS. 2.0 maximum allowable). A rigorous 
study of the prototype flow performance curves and flow passage differences 
between the prototype and the deliverable uni ts  was undertaken. The pressure 
drop and stroke of the deliverable units d i d  not correlate w i t h  any point on 
t h e  curves generated during the prototype testing. Some differences however, 
do e x i s t  between the prototype and deliverable flow paths. 
envelope r e s t r i c t ion  of 0.88 inch maximum from tube centerline t o  valve base, 

In  adhering t o  the 
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2.55 t o  2.90 p s i  

1.565 lbs 

Marginal-low confidence 
technique used 

the clearance between the in l e t  bellows flange (lower) and the  poppet guide 
spyder i s  less than t h a t  found t o  be optimum during prototype tes t ing.  Also, 
the depth of the  mi l l ed  out le t  channel is  greater than tha t  of the prototype, 
resul t ing i n  a more tortuous flow path. A reduction i n  pressure drop, t o  
within specification allowable, i s  possible on future uni ts  by reducing the  
length of s t ra ight  f u l l  diameter tubing a t  the i n l e t  and out le t  t o  permit a 
more Gadual t rans i t ion  fromthe body interface t o  the tube-centerline envelope 
restr ic t ion.  This would permit a reduction i n  the depth of the  out le t  channel. 
A change i n  the  technique of instal l ing the  inlet bellows which would reduce 
unit w e i g h t  would also permit increasing the  flange t o  spyder clearance with a 
subsequent reduction i n  pressure drop. 

t 

Reduce depth and increase 
width of ou t le t  channel; 
improve area t ransi t ions 
Contour body; bu t t  weld 
mounting lugs; l i gh t  w e i g h t  
p i a t a i l  
Use miniature microswitch ! I 

The performance of the position indicator switches is also ques- 
tionable. The reed switches fai led t o  respond t o  armature position as had been 
the case during prototype tes t ing.  
Instrument Co., was investigated, b u t t h e  long lead t ime  precluded the i r  use on 
the deliverable units.  
switch is used and a permanent magnet is employed t o  bias the  switch such that 
armature position w i l l  properly actuate the  switch. Since t i m e  d i d  not permit 
a thorough t e s t ing  of this installation, l i t t l e  confidence i s  placed i n  this  
feature. 

A microswitch manufactured by the Texas 

To provide valve position monitoring, a single reed 

Future units wil l  employ the microswitch mentioned above. 

The ins ta l la t ion  of t h i s  microswitch can be accomplished without 
modifying the envelope o r  magnetic path areas, provided a suitable actuating 
device can be employed t o  prevent excessive switch button overtravel. 

Table IV presents a summary of the s ignif icant  performance c r i t e r i a ,  
I the  value demonstrated by the  f i rs t  deliverable units, and proposed improvements, 
I 

TABLE N 
where required, t o  meet the specification requirements on future valves. 

Specification 
Requirement 

1. 2.0 p s i  max AF' a t  
flow r a t e  of 0.88 
PPS .N,04 

2. 1.5 lbs max unit 

3 .  Position indicator 

weight 

t o  monitor valve 
DOS it ion 

4. 20 scc/hr max heliun 
i n t e r n a l  leakage a t  
o t o  360 ps i  

5.  Minimum p u l l  i n  
voltage not t o  ex- 
ceed 18 vdc 

w 

I Proposed Improvements F i r s t  Deliverable Lot 
Demonstrated Value 

I 14 vdc a t  360 p s i  
12 vdc a t  0 p s i  

.28 
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APPEXDIX A 

EXHIBIT 'A" 

SPECIFICA!rION 
TWO-WAY, LATCHING, D.C. SOIXNOID CONTROL VALVE 

54 



APPENDIX A 

Specification 

TWO (2) WAY, LATCHING, D. C. SOLENOID CONTROL VALVE 

This specification establishes the requirements f o r  the  design and 

fabrication of a f l i g h t  weight two way, latching, D.C. solenoid control 

valve, h e r e d t e r  referred t o  as the Unit .  

r a t e  of 0.88 lb/sec of 70°F propellant (N 0 ) at a pressure drop of 2 ps i  
2 4  

maximum. One (1) Unit s h a l l  have a flow ra t e  of 0.44 lb/sec of Aerozine-50 

a t  a pressure drop of 2 pi maximum at 70°F. 
the  envelope of Figure 2. 

Two (2)  Units s h a l l  have a flow 

The Units s h a l l  conform t o  

Specifications a re  as follows: 

1. Components - Each unit  sha l l  consist of the following: 

(a) valve assembly, (b)  latching mechanism f o r  open and closed positions, 

( c )  position indicator switch, and (d) solenoid(s). 

2. Materials - Materials m u s t  be compatible with monomethylhydrazine 

(M) , unsymmetrical dimethylhydrazine (UDMH), nitrogen tetroxide (N204), 

mixed oxides of nitrogen, and de-ionized water on a continuous o r  inter-  

mittent basis. A prime design objective s h a l l  be a unit compatible with 

high concentrations of n i t r i c  acid. 

3 .  Finishes - Cadmium or zinc plating s h a l l  not be used on ex- 
t e rna l  surfaces. It is also preferred that no plating be used on any 
material  exposed t o  propellants f o r  the purpose of making tha t  material 

compatible . 
4. Design and Construction - The Unit s h a l l  be designed and con- 

structed i n  accordance with the requirements of t h i s  specification a d  

shall be capable of withstanding the strains, shocks, vibration, and other 

conditions incident t o  operational service as specified herein. 

not be demonstrated by the Contractor. 

This s h a l l  
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APPENDIX A (Continued) 

5. The Unit should be simple i n  construction and incorporate the 

minimum sl iding and p a r t s .  

60 The Unit s h a l l  be designed f o r  easy flushing and incorporate the 

minimum cavi t ies  which would tend t o  entrap f luid.  

7. Lubrication - The U n i t  sha l l  not require lubrication during 
storage a d  service l i f e .  

8. Weight - The weight of the  Unit  s h a l l  be kept t o  a minimum con- 
s i s t en t  with good design and s h a l l  not exceed 1.5 pounds. 

t i v e  1.15 pounds.) 

(Design objec- 

Minimum weight shal l  be a prime design factor.  
9. Ins ta l la t ion  - Ins ta l la t ion  of the Unit into the  spacecraft w i l l  

The Unit shall,  there- be by brazing wi th  a water-jacketed induction tool.  
fore, be capable of me t ing  a l l  functional requirements specified herein 

mer exposure t o  six thermal cycles consisting of two minutes of b O 0 F  

temperature on the port nipples. 

10 . Elec t r ica l  Requirements - Unless otherwise specified, a l l  
e l e c t r i c a l  components used i n  the  Unit shall be i n  accordance w i t h  speci- 

f i ca t ion  M I L - D - ~ ~ ~ .  

U. Position Indicator Switch - The Unit s h a l l  incorporate an 

e l e c t r i c a l  switch which shall be open when the valve i s  open, a.nd which 

s h a l l  pmvide e l e c t r i c a l  continuity when the valve is closed. 

shall  be such tha t  erroneous readings are highly improbable. 

The design 

12. The indicator switch shall have a minimum rat ing of 2.5 w a t t s  

and contact resistance s h a l l  be 50 milliohms maximum. 
from 28 vol t s  - D.C. nominal. 

It shall operate 

13. Solenoid - The solenoid(s) s h a l l  conform t o  the requirements of 

specif icat ion MIL-S-4040. 
14. Pigta i l s  - Three fee t  long p ig t a i l s  s h a l l  be used and hermetically 

sealed at the valve body. 
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APPENDIX A (Continued) 

15 
mope-t 
engines i n  

Performance - The Unit s h a l l  be capable of being used in the 

s y s t e m  (Figure 1) t o  interrupt the supply of propellant t o  the 

the event of a f a i lu re  of downstream components, and t o  provide 

a method of isolat ion during grourd checkout of t he  system. 

16. Electr ical  - The Unit shall be capable of withstanding 2 minutes 

continuous duty operation w i t h  10 minutes between consecutive operations. 

Operation i n  excess of 2 minutes continuous duty shall not result i n  sparking, 

deterioration of the propellant, or  a deterioration of the U n i t ' s  burst 

pressure integrity.  

17. Current - Current shall not exceed 2 amperes at 30 vol t s  - D.C. 
18. Pull-in Voltage - Solenoid pull-in voltage s h a l l  not exceed 

18 vol t s  - D.C. 

19. 
20. 

Insulation Resistance - 100 megohms minimum at 500 vol t s  - D.C. 
Dielectric Strength - 1500 volts  - A.C. at 60 cps f o r  one 

minute without e l ec t r i ca l  breakdown, flashover o r  current f l a w  i n  excess 
of 0.5 mllliamperes . 

21. Response Time - Under any operating conditions specified herein, 

the  Unit s h a l l  be capable of completing the  opened-to-closed o r  the closed- 
to-opened cycle i n  200 milliseconds or  less. 

22. Temperature - Operating + @OF t o  + 10O0F; non-operating -65°F 
t o  + 1 6 0 0 ~  

23. Ekternal Leakage - There sha l l  be no evidence of external pro- 

pellant leakage when the valve i s  cycled and when the  valve is maintained 

i n  the open o r  close position at  any propellant pressure of 540 psig o r  less.  

I n  addition, when the  Unit is pressurized with helium, external leakage 

s h a l l  not exceed 5 x 10 

pressure of 540 psig o r  less. 

-6 standard cc of helium per second at  any internal  

24. Internal  Leakage - With the valve i n  the closed position and 

w i t h  any propellant pressure of 360 psig or  less  applied at  the Unit in le t ,  

there shall be no evidence of propellant leakage from the outlet  port. 
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I n  addition, with helium applied at the  i n l e t  por t  at a pressure of 360 
p i g  o r  less, leakage at the out le t  port s h a l l  not exceed 20 standard cc 

of helium per hour. 

25. Operating Pressure - Operating pressure shall be from zero t o  

360 psig at both the i n l e t  and out le t  ports, with the inlet port pressure 

equal to, or greater than, the out le t  por t  pressure. 

26. Proof Pressure - Unit s h a l l  be capable of withstarding a pres- 

sure of 540 psig without damage o r  permanent defolplation. 

27. 
without rupture. 

28. 

Burst Pressure - Unit s h a l l b e  capable of withstarding 750 psig 

Reliable Operating Life - The Unit shall have a re l iab le  opera- 

t i n g  l i f e  of 20,000 cycles. 

29. Operating Attitude - The Uni t  shall be capable of sat isfactory 

performance i n  a l l  a t t i tudes.  

30. Operating Environment - The c r i t e r i a  described i n  t h i s  section 

represent the  environmental c o d i t i o n s  and levels t o  which the  equipment 

w i l l  be subjected during the f l i gh t  mission phases. 

(a) Temperature Ambient, plus 40 t o  80 degrees F. Fluid, 

(b) Humidity 95 (plus or  minus 5) percent including 

(c)  Pressure 14.7 psig t o  1 x mm. of mercury 

(d) Acceleration 20 g f o r  147 seconds. 

(e )  Vibration See Table A - I .  

plus 40 t o  plus 80 degrees F. 

condensation of water. 

f o r  15 days. 



I. 

Test 

APPENDIX A (Continued) 

' Minutes 
per 

Axis 

( f )  Acoustics 

Octave bard 
cps 
4.7 t o  9.4 
9.4 t o  18.8 

18.8 t o  37.5 
37.5 t o  75 

75 t o  130 
150 t o  300 
300 t o  600 

Sound Pressures (dec ibles)  
(From a sound leve l  reference 
point of 0.002 Dynes/c$) 

145 
1-53 
150 
150 
147 
145 
140 

600 t o  1,200 132 
1,200 t o  2,400 125 
2,400 t o  4,800 I20 
4,800 t o  9.600 116 

Over-all 158 

TABm A-I  VIBRATION REQUIRFSIENTS 

Test Method 

~~ ~ 

2 
RANDOM: 

at 5/cps t o  0.155 g /cps at  60 cps. Con- 

stant 0.155 g /cps from 60 cps t o  500 cps 

Linear decrease from 0.155 g /cps at  500 

cps t o  0.035 g /cps at 2000 cps. 

Linear Increase f r o m  0.006 g /cps 
2 

2 
2 

2 

Superimposed Sinusoidal Vibration - Linear 
increase f r o m  0.3 g at 5 cps t o  8.0 g a t  90 
cps. Constant 8.0 g from 90 cps t o  300 cps 
Step increase from 8 t o  12 g a t  300 cps, 

I constant I 2  g from 300 cps t o  2000 cps. 
~ ~ 

NCEE: References t o  l inear  are predicatedon log-log scale 
relationships. 
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APpEM>Ix A (Continued) 

31. Transient inductive voltage caused by e i the r  energization or 
deenergization of the valve's solenoid co i l s  s h a l l  not produce a t ransient  

voltage "spike" of more than .50 vol t s  a d  not t o  exceed 100 ms duration, 

measure across t he  leads of each solenoid coil .  



. 
* b  

Report S-479 
. .  

e n A .  

b 

. 

! *  

. .  . 
t 

' t  e9 . .  

He FILL 1 - 
j 

9 

1 

* &I VALVE-SC ! 
t )L. O P A .  - 

. 1  

C H E C K V A L V E  

VALVZ-SOL. OPR. -- I 

I 

'. 

I x 
. . .  . 

0 

S Ck EM AT IC D IA G -9A M 
' 

RCS SEFZVICE MODULE - 
1 

. 

FI(IURE A - 1  61 



Report S-479 ic 3 , 0 0 0  , > 
I 

I 

i 
9 

# I  I 

1 

i 
I :  
i 

i 

. .  
I 

8 

! 

I 

! 

5.00 
/ 4 A  X 

i 

I I 

I 
I 
I 

i 
1 
I 

t I .GO 

I .'62 5 
i . '  1.50 I 
I 
1 I 1 -  

I 

I 

. I 

. 

+ 

Ficr. 2& V A L V E  E W E L O P E  do. 
62 (I! FIGURE A-2 


